To increase isobutanol production in Saccharomyces cerevisiae, the valine biosynthetic pathway was activated by overexpression of the relevant enzymes in the mitochondria and the cytosol. Native mitochondrial enzymes were overepxressed in the cytosol by deleting the mitochondrial transit peptides. The metabolically engineered S. cerevisiae possessing the cytosolic pathway showed increased isobutanol production (63 AE 4 mg/L).
Isobutanol is an important research target in the biorefinery industry due to its attractive properties as a next-generation biofuel and as a building block in the production of commodity chemicals. 1) Microbial strains have been engineered metabolically to produce isobutanol by introducing the Ehrlich pathway into bacterial hosts such as Escherichia coli and Corynebacterium glutamicum. [1] [2] [3] [4] [5] [6] [7] In these recombinant strains, isobutanol is produced from the precursor of valine biosynthesis, 2-ketoisovalate, through decarboxylation by 2-ketoacid decarboxylase (KDC) and reduction by alcohol dehydrogenase (ADH), as shown in Fig. 1 . Saccharomyces cerevisiae is also considered to be one of the most promising hosts for isobutanol production. 8, 9) This is because some of its characteristics, including cellrecycle fermentation and tolerance against harsh conditions during fermentation, are useful for a costeffective biorefinery process.
10) The Ehrlich pathway was introduced into S. cerevisiae by the bacterial strategy, resulting in increased isobutanol production. 9) However, the isobutanol titer obtained by means of the strains developed was still insubstantial, indicating that further engineering of S. cerevisiae metabolism was required. In the present study, the valine biosynthetic pathway was activated by overexpression of the relevant enzymes in the mitochondria and in the cytosol.
In S. cerevisiae, valine is biosynthesized through the mitochondria, 11) since the first three steps of the valine biosynthetic pathway are localized in the mitochondria.
12) 2-Ketoisovalerate is synthesized from pyruvate through the activities of the Ilv2 (acetolactate synthase), Ilv5 (acetohydroxyacid reductoisomerase), and Ilv3 (dihydroxyacid dehydratase) enzymes (Fig. 1) . Previous studies have found that overexpression of Ilv2 increased isobutanol production through simultaneous expression of Ehlrich pathway-related enzymes (Kivd of Lactococcus lactis and Adh6 of S. cerevisiae). 9) In order to activate the innate valine biosynthetic pathway, a recombinant strain overexpressing Ilv5 and Ilv3 (the YTD136 strain in Table 1 ) was constructed. After cloning of the ILV5 and ILV3 genes from the S. cerevisiae genome, the DNA fragments were inserted into plasmid vectors harboring the multi-copy type 2m ori sequence ( Table 1 ). All the plasmids were derived from the pGK vector series, which control gene expression through the constitutive activity of the PGK1 promoter. 13) The pGK422-ILV5 and pGK423-ILV3 plasmids were introduced into the YTD106 strain by the lithium acetate method (Table 1). 14) The transformants were cultured in Cellular compartmentalization of the pathway is presented. KDC, 2-ketoacid decarboxylase; ADH, alcohol dehydrogenase.
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Biosci. Biotechnol. Biochem., 76 (11), [2139] [2140] [2141] 2012 Note SD minimal medium (5 mL, containing 20 gL À1 glucose). The concentrations of isobutanol in the medium 72 h after the start of fermentation were determined by GC-MS (GCMS-QP2010 Plus; Shimadzu, Kyoto, Japan) by a previously described procedure. 9) While isobutanol production by the Ilv2-overexpressing YTD106 strain reached 41 AE 4 mg/L, the level of isobutanol produced by the YTD136 strain overexpressing the Ilv2, Ilv5, and Ilv3 (32 AE 5 mg/L) was similar to that of the control strain (YTD137). This result indicates This study pGK426-kivd-ADH6 pGK426, co-expression of Lactococcus lactis kivd and S. cerevisiae ADH6 genes This study 1 Isobutanol production in the medium at 72 h after the start of cultivation was determined by gas chromatography-mass spectrometry. Means obtained for three independent transformants are presented. 2 The ILV5 and ILV3 genes were amplified using genomic DNA from the YPH499 strain as template using the following primer sets: 5 0 -AAAAGCTAGCATGTTG-AGAACTCAAGCCGCCAGATTGATC-3 0 /5 0 -AAAACCCGGGTTATTGGTTTTCTGGTCTCAACTTTCTGAC-3 0 and 5 0 -AAAAGTCGACATGGGCTTGTTAAC-GAAAGTTGCTACATCT-3 0 /5 0 -AAAAGAATTCTCAAGCATCTAAAACACAACCGTTGGAAGC-3 0 respectively. The amplified fragments were digested and ligated into the NheI-XmaI and SalI-EcoRI sites of the pGK422 and pGK423 plasmids 13) to yield the pGK422-ILV5 and pGK423-ILV3 plasmids respectively. 3 ILV2c, ILV5c, and ILV3c, lacking the mitochondrial targeting sequences, were amplified using pGK425-ILV2, pGK422-ILV5, and pGK423-ILV3 as templates with the following primer sets annealed after the first 162, 141, and 123 nucleotides of ILV2, ILV5, and ILV3 (ILV2c:
0 /5 0 -AAAACCCGGGTTATTGGTTTTCTGGTCTCAACTTTCTGAC-3 0 , and ILV3c: 5 0 -AAAAGTCGACATGCTTTATGCCACCGGTTTCAAG-AAGGAA-3 0 /5 0 -AAAAGAATTCTCAAGCATCTAAAACACAACCGTTGGAAGC-3 0 ) respectively. 14, 16) The amplified fragments were digested and ligated into the NheI-XmaI, NheI-XmaI, and SalI-EcoRI sites of the pGK425, pGK424, and pGK423 plasmids, yielding the pGK425-ILV2c, pGK424-ILV5c, and pGK423-ILV3c plasmids respectively.
that the additional expression of ILV3 and ILV5 had an adverse effect on the activation of isobutanol production. This is because the biosynthesis of valine in the mitochondria is under complex regulation including the existence of a branching pathway for leucine biosynthesis and feedback inhibitions.
15) It has also been found that Ilv5 is a bifunctional mitochondrial protein in S. cerevisiae required for branched-chain amino acid biosynthesis and for the stability of mitochondrial DNA. 16) To improve isobutanol production in yeast, a valine biosynthetic pathway was constructed in the cytosol. Three genes, ILV2c, ILV5c, and ILV3c, were produced from ILV2, ILV5, and ILV3 by deletion of the first 54, 47, and 41 amino acid sequences encoding the mitochondria transit peptides ( Fig. 1 and Table 1) . 15, 17) The genes for cytosolic expression were introduced into the YPH499 parental strain together with a pGK426-kivd-ADH6 plasmid (to overexpress Kivd and Adh6 listed in Table 1 ) by the above described procedure. The recombinant strain simultaneously overexpressing Ilv2c, Ilv5c, and Ilv3c (YID011) resulted in improved isobutanol production (63 AE 4 mg/L; yield from glucose added: 0:0051 AE 0:0003 Cmol/Cmol), twice that of the YID001 vector control strain (Table 1) . Additionally, the performance of the YID000-YID009 strains indicated that isobutanol production was not activated due to incomplete pathways lacking any functional Ilv2c, Ilv5c, or Ilv3c (Table 1) . Although further confirmation is required, our results suggest that the artificial pathway for the synthesis of 2-ketoisovalerate from pyruvate was successfully constructed in the cytosol by simultaneous expression of Ilv2c, Ilv5c, and Ilv3c. Since ethanol is actively synthesized from pyruvate in these S. cerevisiae strains, the isobutanol titer obtained by constructing the cytosolic pathway (63 mg L À1 ) was smaller and requires improvement, but the cytosolic pathway has several advantages. Feedback regulation of acetolactate synthase and by-production of leucine can be reduced, since the regulatory subunit of acetolactate synthase (Ilv6) and the pathway for leucine biosynthesis are localized in the mitochondria. Thus construction of the cytosolic pathway is an important step in the metabolic engineering of S. cerevisiae to increase isobutanol production.
